INTRODUCTION
Embryonic stem cells (ESCs) are pluripotent, maintaining the potential to differentiate into various somatic cell types. Understanding the molecular mechanisms that control ESC differentiation is relevant to both basic research and clinical applications. This is pertinent particularly for neuronal differentiation, the understanding of which is key to inducing nerve regeneration. Both intrinsic and extrinsic factors control ESC fate. The intrinsic factors Oct4, Nanog, and SOX2 are the core transcription factors that confer ESC self-renewal and pluripotency (1) (2) (3) (4) . Extrinsically, several cytokines, including bone morphogenetic protein (BMP) (5) and Wnt−b-catenin (6) (7) (8) (9) (10) , play important roles in mouse ESC (mESC) renewal and differentiation. Among the extrinsic signals, BMPs are crucial for directing both self-renewal and differentiation of ESCs (11) (12) (13) (14) . BMPs are members of the transforming growth factor-b (TGFb) superfamily that modulates gene expression through the small mothers against decapentaplegic (SMAD) transcription factors. Through the receptor-regulated SMADs SMAD1 and SMAD5 and the common-mediator SMAD SMAD4, BMP4 attenuates extracellular signal-regulated kinase (ERK) activity by stimulating dual specificity protein phosphatase 9 (DUSP9) (15) . This reinforces ESC selfrenewal in response to leukemia inhibitory factor (LIF) (15, 16) . When deprived of LIF, murine ESCs (mESCs) automatically undergo early neural differentiation caused by a reduction in the abundance of signal transducer and activator of transcription 3 (STAT3) and the concomitant conversion of BMP4 from supporting self-renewal to promoting lineage commitment (15, 17) . BMP4 signaling can be augmented by several extrinsic factors, such as valproic acid (VPA), a chemical inhibitor of glycogen synthase kinase 3b that increases the expression of Bmp4 mRNA and the abundance of BMP4 protein (18) . BMP4 signaling is inhibited by the antagonistic factor Noggin, which interferes with its binding to the BMP receptor (BMPR) (19) . The inhibition of BMP4 signaling by Noggin induces neural differentiation by activating the phosphatidylinositol 3-kinase/Akt signaling pathway (20) and by increasing Pax6 expression (21) .
Retinoic acid (RA) is a biologically active form of vitamin A that plays an important role in neural differentiation (22) (23) (24) . High concentration of RA promotes neural gene expression and represses mesodermal gene expression during embryoid body (EB) formation (23, 25) . Moreover, RA can promote the degradation of phosphorylated (active) SMAD1 and antagonize BMP and SMAD signaling (26) . The effects of RA are mediated by specific nuclear RA receptors (RARs) that heterodimerize with retinoid X receptors to induce transcription of target genes. RA signaling is modulated by SIRT1, a nuclear nicotinamide adenine dinucleotide (NAD + )-dependent protein deacetylase (27) that deacetylates cellular RAbinding protein II (CRABPII) (28) . CRABPII is required for RA translocation into the nucleus to facilitate RA binding to RARs (29) (30) (31) .
Rho guanosine triphosphatases (GTPases) are key intracellular signal mediators that transduce extracellular stimuli to the cytoskeleton. They control intercellular adhesion, cell polarity, and migration, as well as gene expression (32, 33) . RhoA is required in early embryogenesis for the maintenance of intercellular junctions in mESCs (34) and for BMP2-induced osteogenesis (35) . Moreover, previous studies implicated RhoA in the inhibition of neural differentiation (36, 37) . Rho family proteins are activated by guanine nucleotide exchange factors (GEFs) (38) . We have previously shown that the gene encoding the RhoA-specific GEF Syx (39-41) (also called PLEKHG5 or Tech), which is expressed in human ESCs (42) , is required for vascular development in the mouse and the zebrafish (43) . We therefore sought to determine the role of Syx in mESC differentiation.
We compared differentiation of Syx
and Syx −/− mESCs in EBs, a common approach for modeling early embryonic development (44) . In the absence of Syx, mESCs underwent accelerated neural differentiation. This was partially prevented by rescuing Syx −/− cells with Syx or a constitutively active form of RhoA (CA-RhoA). We determined that the balance of pluripotency-conserving versus differentiation-inducing factors favors neural differentiation of Syx −/− cells. In addition, we identified a relationship between RhoA activity and Noggin's effects on differentiation by comparing the filamentous actin (Factin) patterns in Syx +/+ and Syx −/− cells. We found that the peripheral stress fibers were thinner in Syx −/− cells, whereas these cells' contents of Noggin and of Rab3d, the GTPase that mediates the trafficking of Noggin-containing vesicles, were lower than in Syx +/+ cells. On the basis of these findings, we propose that RhoA prevents the differentiation of stem cells, at least in part, by maintaining a physical barrier that interferes with the secretion of Noggin-loaded vesicles at the cell membrane.
RESULTS

Loss of Syx accelerates RA-dependent neural differentiation of mESCs
We compared the pluripotency of Syx +/+ and Syx −/− mESCs by immunofluorescence ( fig. S1A ; full-length immunoblots are shown in fig. S4 ) and immunoblotting ( fig. S1B ) of the core transcription factors that confer stemnessOct4, Nanog, and SOX2. The abundance of each protein was similar in both assays. The ablation of Syx is expected to reduce cellular RhoA activity, rather than abolish it, because mESCs likely express other genes encoding RhoA-specific GEFs. We confirmed that RhoA activity was reduced in Syx −/− cells ( fig. S1C ).
To compare the spontaneous differentiation of RA-naïve Syx +/+ and Syx −/− mESCs, we analyzed the development of EBs of each genotype into the three germ layers using markers for the ectodermal, mesodermal, and endodermal lineages. The expression of ectodermal and endodermal genes was up to 15 or 14 times higher, respectively, in Syx −/− EBs, whereas that of mesodermal markers was reduced by more than half ( fig. S1D ). Because neural progenitor cells originate from the ectoderm (45), we compared the abundances of the neural differentiation markers tubulin b3 (Tubb3) (46) and vimentin (47) (20, 21) , using Tubb3 and the neural differentiation marker nestin (48) . We noted an increase in the abundance of nestin and Tubb3 in Syx −/− cells compared to Syx +/+ cells at days 13 and 24 after EB aggregation (Fig. 1A) . The abundance of these proteins was significantly higher in Syx −/− cells at both time points (Fig. 1B) . We selected vimentin and the neural progenitor cell marker Pax6 (44, 49, 50) to follow the progress of neural differentiation in EBs by immunoblotting. The differences between these neural differentiation markers in cells from Syx −/− and Syx +/+ EBs were similar to the immunofluorescence results. At day 8, the abundance of the markers was similar in Syx +/+ and Syx −/− EBs, but at days 13 and 24, the abundance of both markers was substantially higher in Syx −/− EBs (Fig. 1C) GFP-CA-RhoA. The histogram shows the quantification of Tubb3 and vimentin band densities normalized to GAPDH band density in cells transfected with either Syx or CA-RhoA (one-way ANOVA, n = 3 independent experiments, mean ± SD; Tubb3: P = 0.015 for overall difference between the three groups, P = 0.008 for GFP-CA-RhoA to GFP, P = 0.0013 for GFP-CA-RhoA to GFP-RhoA; vimentin: P = 0.013 for overall difference between the three groups, P = 0.009 for GFP-CA-RhoA to GFP, P = 0.009 for GFP-CA-RhoA to GFP-RhoA). RBD, relative band density. (C) As in (B), in Syx −/− cells rescued by GFP or by RFP-Syx (two-sample t test, equal variance, n = 3 independent experiments, mean ± SD; P = 0.048 for Tubb3, P = 0.043 for vimentin). GAPDH is a loading control.
Syx −/− EBs that were neural progenitors using Pax6 and SOX1 (21) , and the fractions that were neurons with the nuclear neuronal marker FOX3 (51) . The fraction of cells from Syx −/− EBs that were progenitor cells was at least twice that of cells from Syx +/+ EBs (Fig. 1D ). As expected, at this relatively early stage of differentiation, no neurons were present in cells from either Syx +/+ or Syx −/− EBs because we did not detect FOX3 in any cell nuclei ( fig. S1F ).
Syx and RhoA inhibit neural differentiation
To verify that the accelerated neural differentiation was caused specifically by the deletion of Syx, we rescued cells that were dissociated from RAtreated Syx −/− EBs by transfecting Syx ( fig. S2A ). The reintroduction of Syx into Syx −/− mESCs reduced the abundance of nestin and Tubb3 compared to the negative control cells that were transfected with an empty plasmid. The amounts of both proteins were significantly lower in the rescued cells ( Fig. 2A) . Because Syx activates RhoA, we rescued cells from RA-treated Syx (Fig. 2C ). This effect could result from Syx activities other than guanine exchange. Collectively, these results suggest that inactivation of RhoA enhances neural differentiation.
Loss of Syx antagonizes BMP4 signaling by reducing SMAD1 phosphorylation
Phosphorylation of SMAD1 by BMPRs (53) is critical for the transcriptional response to BMP4, which mediates neural differentiation (26, 54) . To test whether Syx is involved in BMP4 signaling, we compared the phosphorylation of SMAD1 in cells dissociated from Syx +/+ or Syx
EBs at several time points. The phosphorylation of SMAD1 decreased in Syx −/− cells to below the detection threshold by day 13, but not in Syx +/+ cells ( Fig. 3A) . Furthermore, the phosphorylation of mitogen-activated protein kinase (MAPK) on day 13 was higher in Syx −/− cells than in Syx +/+ cells (Fig. 3A) . The phosphorylation and subsequent activation of MAPK, mediated through RA-induced increase in the production of Gadd45, which binds to and activates the upstream MAPK kinase kinase (55) , are required for RA-promoted degradation of phosphorylated SMAD (26) . To examine the impact of phosphorylated SMAD1 in Syx −/− EBs on neural differentiation, we treated EB-dissociated cells with MG132, a pharmacological inhibitor of proteasome-mediated degradation (26, 56) . Immunoblotting showed that treatment by MG132 partially restored the phosphorylation of SMAD1 and delayed the neural differentiation of Syx −/− cells (Fig. 3B ). To determine whether the difference in SMAD1 phosphorylation between Syx +/+ and Syx −/− cells was caused by inactivation of RhoA, we rescued cells dissociated from Syx −/− EBs by GFP-CA-RhoA. The phosphorylation of SMAD1 in these cells increased as differentiation progressed ( Fig. 3C ), suggesting that disruption of Syx decreased SMAD1 phosphorylation, thus impairing BMP4 signaling in RA-treated cells. These results suggest that the ablation of Syx contributes to RA-induced acceleration of neural differentiation by reducing the abundance of phosphorylated SMAD1 (Fig. 3D ). EBs at the indicated times (two-sample t test, equal variance, n = 3 independent experiments, mean ± SD, P = 0.049). GAPDH is a loading control. (B) Cells dissociated from RA-treated Syx +/+ or Syx −/− EBs 4 days after aggregation were treated with MG132 to inhibit proteasomal degradation or with dimethyl sulfoxide as a negative control (Cont) followed by immunoblotting with the indicated antibodies (one of two independent experiments). (C) Immunoblots of cells from RA-treated Syx −/− EBs transfected with GFP-CA-RhoA and probed at the indicated times to detect pSMAD1 (two-sample t test, equal variance, n = 3 independent experiments, mean ± SD, P = 0.0095 for 24 hours, P = 0.046 for 72 hours). (D) Signaling scheme representing the data shown in (A) to (C). Solid lines represent direct regulatory events, whereas dashed lines represent events that either are indirect or have not been shown to be direct.
RAR abundance is increased in
nuclear RARs (RARa, RARb, and RARg), which bind to DNA and promote transcription when liganded (30, 58) . We compared the abundances of RARa, RARb, and RARg in cells dissociated from Syx +/+ or Syx −/− EBs at several time points after aggregation. On day 0 (before aggregation and RA treatment) and on day 8 (after aggregation and RA treatment), the amount of the RAR isoforms did not differ substantially between Syx +/+ and Syx −/− cells (Fig. 4A ). On days 13 and 24 (after aggregation and RA treatment), however, the amount of each RAR isoform was considerably higher in Syx −/− cells compared to Syx +/+ cells (Fig. 4A ), indicating that Syx −/− EBs are more responsive to RA. Even in the absence of RA, RARg was abundant in Syx −/− EBs at day 13, arguing that the loss of Syx alone was sufficient to increase RARg production (Fig. 4B) . Silencing RARg in cells dissociated from RA-treated Syx −/− EBs resulted in higher SMAD1 phosphorylation (Fig. 4C ), in agreement with previous studies (26) .
To test whether RARs affect neural differentiation, we knocked down Rarg by small interfering RNA (siRNA). Neural differentiation was delayed, as indicated by the reduced abundances of Tubb3 and vimentin (Fig. 4D) . To determine the effect of RhoA activity on RARg production, we rescued cells from dissociated Syx −/− EBs by transfection of GFP-CA-RhoA. RARg abundance was lower than in GFP-transfected control cells, indicating that active RhoA reduced RARg production (Fig. 4E) . These results suggest that, in the absence of RA signaling, neural differentiation is slowed down as a result of increase in the abundance of phosphorylated SMAD1 (Fig. 4F) .
The increased responsiveness to RA suggested that the loss of Syx may have deregulated RA signaling in Syx −/− EBs. To test this premise, we compared the expression of known RA target genes in Syx +/+ and Syx
−/−
EBs that were not treated with RA. We have already shown that the protein encoded by one of these genes, Pax6 (21), was substantially more abundant in RA-treated Syx −/− EBs (Fig. 1, C and D) . Similarly, qRT-PCR results yielded a 45-fold higher expression of Pax6 in RA-naïve Syx −/− EBs ( fig. S1D ). We selected additional RA target genes for which expression was shown to either increase [Ngfr (59), Foxa1 (60), and Pitx2 (61)] or decrease [Pou5f1/Oct4 (62) and Fgf8 (63)] in response to RA. The expression of these genes in RA-naïve Syx −/− relative to Syx +/+ EBs had similar increase or decrease patterns (Fig. 4G) , supporting the notion that the loss of Syx sensitizes mESCs to RA.
Neural differentiation in EBs is inhibited by BMP4 and augmented by Noggin
The balance between BMP4 and its antagonist Noggin determines mESC fate (64) . We compared BMP4 and Noggin abundances in cells dissociated from Syx +/+ and Syx −/− EBs. BMP4 abundance was similar in cells from Syx +/+ and Syx −/− EBs during neural differentiation ( fig. S3A) . Likewise, the expression of the genes encoding the BMP4 receptors did not differ significantly between the two genotypes ( fig. S3B ). In contrast, Noggin was not detected in cells from Syx +/+ EBs, whereas it was abundant in cells from Syx −/− EBs 8 and 13 days after aggregation ( fig. S3A ). To probe the functions of BMP4 and Noggin in the neural differentiation of Syx −/− mESCs, we applied two methods for changing the balance of their production. First, we treated EBs with VPA, which increases BMP4 production by activating the Wnt-b-catenin pathway (18) . Second, we knocked down the expression of endogenous Noggin by siRNA. The abundance of nestin and Tubb3 decreased in Syx −/− mESCs after VPA treatment ( fig. S3C ), whereas bmp4 expression increased by 80% as measured by qRT-PCR ( fig. S3D ), as expected. Similarly, Noggin knockdown reduced the abundance of the neural markers vimentin and Tubb3 ( fig. S3E) . Conversely, overexpression of Noggin in Syx +/+ cells increased vimentin and Tubb3 abundances ( fig. S3F ).
RhoA reduces Noggin expression, and RARg binds Syx and rhophilin-2
To determine whether RhoA is involved in regulating Noggin expression, we rescued Syx −/− cells by transfection of GFP-CA-RhoA or GFP-RhoA. GFP-CA-RhoA transfection decreased Noggin production markedly, whereas GFP-RhoA and GFP transfections did not (Fig. 5A ), indicating that RhoA activity affects Noggin expression. To confirm this result, we measured Noggin transcription in GFP-CA-RhoA-transfected cells and in RFP-Syx-transfected cells by qRT-PCR. Both GFP-CA-RhoA and RFPSyx transfections decreased Noggin transcription (Fig. 5B) . Notably, transfection of RFP-CA-RhoA decreased Noggin transcription more than transfection with RFP-Syx, in agreement with the role of RhoA downstream of Syx (Fig. 5B) . Additionally, we found that Noggin knockdown increased SMAD1 phosphorylation, which could potentially delay neural differentiation (Fig. 5C) . Collectively, these results suggest that Noggin is essential for neural differentiation in Syx −/− ESCs. Because both Noggin and Rarg promote neural differentiation, we compared the expression of these two genes. Whereas Rarg knockdown reduced Noggin abundance, Noggin knockdown had no effect on RARg abundance (Fig. 5D ), in agreement with the upstream function of RARg in RA-induced Noggin expression.
RARg binds to the RhoA effector rhophilin-2 (RHPN2) (65, 66) , an interaction that could potentially target RhoA to RARg. We confirmed that RARg coimmunoprecipitated with Rhpn2 and Syx in extracts from differentiating mESCs (Fig. 5E) . To gauge the effect of Rhpn2 binding on RARg-dependent Noggin production, we knocked down Rhpn2 in differentiating mESCs and compared Noggin abundance in the silenced cells to cells transfected by a control nontargeting siRNA. Partial Rhpn2 knockdown was accompanied by a significant increase in Noggin abundance (Fig. 5F ), suggesting that Rhpn2 inhibits RARg signaling. The results shown in Fig. 5 suggest that RhoA reduces Noggin's abundance, in part, through Rhpn2 (Fig. 5G) .
SIRT1 is required for the induction of SMAD1 phosphorylation
SIRT1 is a nuclear NAD + -dependent deacetylase that inhibits cellular RA signaling by deacetylating CRABPII (28) . CRABPII is a cellular RA carrier that translocates from the cytosol into the nucleus upon RA binding, where it activates RARs (29, 31) . Loss of SIRT1 increases the nuclear accumulation of CRABPII and thus enhances RA signaling (28) . To test the role of SIRT1 in neural differentiation, we compared SIRT1 abundance in Syx +/+ and Syx −/− EBs. SIRT1 was less abundant in Syx −/− EBs (Fig. 6A) . To confirm that the reduced abundance of SIRT1 was caused by the inactivation of RhoA, we transfected GFP-CA-RhoA into cells from dissociated RA-treated Syx −/− EBs. This manipulation increased SIRT1 production relative to GFP-RhoA or negative control GFP-producing cells (Fig. 6B) .
To further explore the role of SIRT1 during neural differentiation, we overexpressed SIRT1 in cells that were dissociated from RA-treated Syx −/− EBs. RARg production was reduced in SIRT1-transfected mESCs (Fig.  6C) , whereas SMAD1 phosphorylation increased (Fig. 6D) , indicating that neural differentiation was suppressed in the SIRT1-transfected cells. Coexpression of either Noggin or Rarg in SIRT1-transfected Syx −/− cells prevented SMAD1 phosphorylation and restored neural differentiation (Fig. 6E) . These results suggest that RA signaling, mediated by Noggin, reduces pSMAD1 abundance, whereas Syx and RhoA sustain SMAD1 phosphorylation through SIRT1 (Fig. 6F) . (Fig. 7A) . Quantification of F-actin immunofluorescence in cells of each genotype estimated the difference at about fivefold (Fig. 7, A and B) . Because Rab3d facilitates Noggin secretion (67) and because these two proteins colocalized in Syx +/+ cells (Fig. 7C) , we compared the abundance of Rab3d-associated vesicles in Syx +/+ and Syx −/− cells. Syx +/+ cells retained more vesicular Rab3d (Fig. 7B) . Immunoblotting for Rab3d confirmed this result (Fig. 7D) . Similarly, the abundance of Noggin in Syx −/− cells was significantly lower than that in Syx +/+ cells (Fig. 7B) . Although the lower Noggin abundance detected by imaging Syx −/− cells appears to contradict other immunoblotting results ( fig. S3A) , it should be noted that immunoblotting detects Noggin in the cytoplasm and on the cell surface, whereas imaging detects only cytoplasmic Noggin. Secreted Noggin is likely to associate with the cell surface because it binds tightly to heparan sulfate proteoglycans (68) . The physiologically relevant Noggin is the secreted extracellular pool that inhibits BMP4 signaling by interfering with its binding to BMPRs. We tested the abundance of extracellular Noggin by immunoblotting equal volumes of medium from Syx +/+ and Syx −/− cells. Noggin abundance was more than twofold greater in the medium of Syx −/− cells (Fig. 7E) .
DISCUSSION
We propose two pathways for the inhibition of neural differentiation by RhoA (Fig. 8) . The first is transcriptional, consisting of connections between RhoA and downstream target genes implicated in neural differentiation: SIRT1 (28), RARg (29, 31) , and, further downstream, SMAD1 (15, 16) and Noggin (69) . The inhibition of RARg suppresses neural differentiation because of the concomitant decrease in Noggin expression, thus allowing BMP4 to bind to BMPRs (19) . The mechanism by which RARg increases Noggin production is unknown. Published data suggest that RARg could increase Noggin expression by associating with a large transcription factor complex (70) that includes Myc, for which there are binding sites in the 5′ promoter region of Noggin (71).
We propose a second mechanism for the inhibition of neural differentiation by RhoA that is mediated by the actin cytoskeleton. We observed that, compared to Syx −/− cells, the cytoplasm of Syx +/+ cells contained more vesicular Noggin and Rab3d, a GTPase that supports the trafficking of Noggin-containing secretory vesicles and the development of the nervous system (67). These results imply that Syx −/− cells either made less Noggin than Syx +/+ cells or secreted more Noggin than Syx +/+ cells. The latter explanation is supported by our observation that Noggin abundance was increased in the medium of Syx −/− cells compared to Syx +/+ cells. The peripheral stress fiber bundles in Syx +/+ cells, which are thicker than the bundles around Syx −/− cells, may impede the secretion of Noggincontaining vesicles. Similar to previous observations in neutrophils (72) , stress fibers can act as a physical barrier that obstructs the translocation of Noggin-carrying vesicles from the cytoplasm to the plasma membrane. Consequently, Noggin exocytosis would be lower, thus slowing neural differentiation. Human ESC survival and growth also require the maintenance of robust circumferential stress fibers (42) .
The substantially increased expression of ectodermal markers ( fig. S1A ) and the proteins they encode ( fig. S1B) suggests that the accelerated neural differentiation of Syx −/− EBs reflects faster acquisition of neural fate by cells of the ectodermal germ layer. Alternatively, neural differentiation could conceivably be expedited by transdifferentiation of mesodermal cells into ectodermal cells, afforded by the loss of Syx and the concomitant deregulation of downstream transcription factors. The antagonistic relationship between RA and RhoA appears to be bidirectional. The RhoA effector Rhpn2 binds to RARg (65) and may inhibit RARg activity (Fig. 5E ), but Rhpn2 may also inhibit RhoA by sequestration (66) . RhoA is present in the nucleus (73) , thus enabling this putative association with RARg through Rhpn2. Notably, binding to RARg inhibits the transcriptional activity of serum response factor (74), a major mediator of RhoA-dependent transcriptional regulation (75) . Together with our study, these findings reveal previously unappreciated crosstalk between RhoA and RA signaling in transcriptional regulation.
MATERIALS AND METHODS
mESC harvesting and maintenance mESCs (C57BL/6) were purchased from Life Technologies. Syx −/− mESCs were isolated from blastocysts collected from pregnant Syx −/− mice (43) at embryonic day 3.5. The inner cell mass was isolated as described (76, 77) and cultured on a layer of mitomycin C-treated primary mouse embryonic fibroblast (MEF) feeder cells (EMD Millipore). mESCs were grown in complete Iscove's modified Dulbecco's medium (IMDM) containing 15% fetal bovine serum (FBS) and LIF (1000 U/ml), 0.1 mM nonessential amino acids, 55 mM 2-mercaptoethanol, penicillin (100 U/ml) and streptomycin (100 mg/ml), gentamicin reagent solution (200 mg/ml; Life Technologies), and 0.2% MycoZap Plus-PR (Lonza). Before differentiation, the cell mixture was transferred to a newly prepared petri dish and incubated for 40 min to remove differentiated ESCs and MEF cells. ESCs were cultured in gelatin-coated dish without feeder cells for two passages at 37°C, 5% CO 2 .
EB generation and induction of differentiation mESCs were detached and dissociated by 0.25% trypsin-EDTA (Life Technologies), suspended in fresh IMDM without LIF, counted, and diluted to 5 × 10 5 /ml in IMDM supplemented with 0.5 mM RA (Sigma). A 20-ml drop was placed on a petri dish, which was then inverted and incubated for 4 days at 37°C, 5% CO 2 , until EBs were formed. EBs were collected from the hanging drops, placed in a petri dish in RA-free IMDM, and grown for 4 days. Only the EBs used for the immunoblots shown in Fig. 4B and fig. S1 (B and C), for the immunofluorescence images in fig. S1A , and for the qRT-PCR in fig. S1D were not treated with RA. EBs were dissociated with 0.25% collagenase II (Worthington) for 1 hour and washed three times in phosphate-buffered saline (PBS) before placement on fibronectin or gelatin-coated coverslips for analysis.
RNA isolation and qRT-PCR amplification
RNA was isolated from mESCs or EBs by TRIzol (Ambion) and reversetranscribed to complementary DNA (Takara). qRT-PCR was performed using SYBR Green (Takara). To quantify relative mRNA transcription, the data were normalized relative to the GAPDH mRNA reading. The DDC T method was used to quantify mRNA (78) . The qRT-PCR primers are listed in table S1.
Plasmid transfection into mESCs
pCDNA3.1, pcDNA3-EGFP-RhoA-Q63L (Addgene), pEGFP-SIRT1, pEGFP-Noggin, pCMV-3×Flag-Noggin or Rab3d, and pcDNA3-mRFPSyx plasmids were transfected by Effectene (Qiagen), according to the manufacturers' instructions. mRNA for qRT-PCR analysis was extracted after 48 hours of transfection. Cells were lysed for immunoblotting 72 to 96 hours after transfection. Cells were imaged by immunofluorescence 72 hours after transfection.
RNA interference in mESCs
siRNA targeting Noggin, Rarg, and Rhpn2 and nontargeting siRNA (Santa Cruz Biotechnology) were transfected by Effectene. RNA for qRT-PCR analysis was extracted 48 hours after transfection.
Detection of secreted Noggin
EBs generated by equal numbers of either Syx +/+ or Syx −/− ESCs were grown and differentiated for equal durations, as described above, in equal volumes of medium in wells of a 24-well plate. The medium was replaced 8 days after cell aggregation. Five hundred microliters of medium was collected from each well on day 13 and concentrated by centrifugation through 10-kD filters (Microcon, EMD Millipore) to a final volume of 25 ml. with the antibodies specified in Results and conjugated to immobilized protein G (Dynabeads, Thermo Fisher Scientific) at 4°C overnight. Immune complexes were pelleted and washed three times with cold IP buffer. Proteins were eluted by glycine-HCl (pH 3.0). Samples were analyzed by immunoblotting.
Immunofluorescence staining of mESCs and EBs
Cells were plated on fibronectin-coated coverslips, washed three times in PBS, fixed with 4% paraformaldehyde for 30 min, washed again three times in PBS, and permeabilized with 1% Triton X-100 for 20 min. After blocking for 1 hour with 5% bovine serum albumin, samples were probed with primary antibodies recognizing Nanog (Bethyl Laboratories) Fig. 1D were quantified by counting the number of nuclei in which either the SOX1 or Pax6 signal was present in each field.
Immunoblotting
Cell extracts were separated by SDS-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes, and probed with the following antibodies according to the manufacturer's instructions: Noggin (Abcam); BMP4 (Sigma); GAPDH (Sigma); Tubb3 (Santa Cruz Biotechnology); Rab3d, Rhpn2, and Syx (Plekhg5) (Proteintech); RARa, RARg, vimentin, Pax6, GFP, SMAD1, and pSMAD1 (Cell Signaling); MAPK and pMAPK (EMD Millipore); and RARb (Sigma). Primary antibodies were detected with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling) followed by enhanced chemiluminescence (Denville Scientific). The proteasome inhibitor MG132 was purchased from Sigma-Aldrich. Immunoblots were quantified by band densitometry with Image Studio Lite (LI-COR).
Rho activity assay mESCs were serum-starved for 24 hours, treated by lysophosphatidic acid (1 mg/ml; Tocris) for 3 min, and lysed on ice. Guanosine triphosphate (GTP)-RhoA was pulled down by immobilized rhotekin RhoA binding domain (Cytoskeleton) for 1 hour at 4°C. RhoA was detected by immunoblotting with anti-RhoA (Cytoskeleton).
Development of definitive endoderm for lineage analysis mESCs were grown in FBS-free medium containing activin A (100 ng/ml) and Wnt3a (25 ng/ml) (R&D Systems) for 1 day. The medium was supplemented with 0.2% FBS on the second day and by additional 1.8% on the next 2 days, after which mRNA was isolated for qRT-PCR amplification as above.
Statistical analysis
All experiments were run at least in duplicate. Data were averaged for n ≥ 3 samples and shown with SDs. Differences were considered statistically significant for P ≤ 0.05. Two-sample t test was used for two-group comparisons if there was no evidence of violation of the normal distribution assumption. The assumption of equal or unequal variance for the two groups was used as appropriate to the nature of the data. The number of positive cells among the total counted cells in each field of either Pax6-or SOX1-immunolableled Syx +/+ and Syx −/− cells in Fig. 1D was analyzed by repeated-measures logistic regression, adjusting for correlation between cells from the same field using the generalized estimating equation approach (80) . Relative band density measurements in three sample groups (Fig. 2B) were analyzed by one-way ANOVA. Data of two classification categories (genotype and time after EB aggregation; Figs. 1B and 4E) were analyzed by two-way ANOVA only for the effect of genotype, blocking the effect of time. The reported differences represent only the effect of genotype. Residuals in ANOVA analysis were examined for consistency with the assumption of normal distribution. No multiple testing adjustments were made because of the relatively small sample sizes. Data analysis was performed by R software package (81) .
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/9/438/ra76/DC1 Table S1 . Primer sequences for qRT-PCRs.
